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ABSTRACT The public health burden caused by influenza virus infections is not
adequately addressed with existing vaccines and antivirals. Identifying approaches
that interfere with human-to-human transmission of influenza viruses remains a
pressing need. The importance of neuraminidase (NA) activity for the replication
and spread of influenza viruses led us to investigate whether broadly reactive
human anti-NA monoclonal antibodies (MAbs) could affect airborne transmission of
the virus using the guinea pig model. In that model, infection with recent influenza
virus clinical isolates resulted in 100% transmission from inoculated donors to
recipients in an airborne transmission setting. Anti-NA MAbs were administered ei-
ther to the inoculated animals on days 1, 2, and 4 after infection or to the naive
contacts on days 2 and 4 after donor infection. Administration of NA-1G01, a
broadly cross-reactive anti-NA MAb, to either the donor or recipient reduced trans-
mission of the A/New York City/PV02669/2019 (H1N1) and A/New York City/
PV01148/2018 (H3N2) viruses. Administration of 1000-3C05, an anti-N1 MAb, to ei-
ther the donor or recipient reduced transmission of A/New York City/PV02669/2019
(H1N1) virus but did not reduce transmission of A/New York City/PV01148 (H3N2)
virus. Conversely, 229-2C06, an anti-N2 MAb, reduced transmission of A/New York
City/PV01148 (H3N2) but did not impact transmission of A/New York City/PV02669/
2019 (H1N1) virus. Our work demonstrates that anti-NA MAbs could be further
developed into prophylactic or therapeutic agents to prevent influenza virus trans-
mission to control viral spread.

IMPORTANCE The burden of influenza remains substantial despite unremitting efforts
to reduce the magnitude of seasonal influenza epidemics and prepare for pandem-
ics. Although vaccination remains the mainstay of these efforts, current vaccines are
designed to stimulate an immune response against the viral hemagglutinin. Interest
in the role immunity against neuraminidase plays in influenza virus infection and
transmission has recently surged. Human antibodies that bind broadly to neuramini-
dases of diverse influenza viruses and protect mice against lethal viral challenge
have previously been characterized. Here, we show that three such antibodies inhibit
the neuraminidase activity of recent isolates and reduce their airborne transmission
in a guinea pig model. In addition to contributing to the accumulating support for
incorporating neuraminidase as a vaccine antigen, these findings also demonstrate
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the potential of direct administration of anti-neuraminidase antibodies to individuals
infected with influenza virus and to individuals for postexposure prophylaxis to pre-
vent the spread of influenza virus.

KEYWORDS influenza, transmission, guinea pig, NA antibodies

Seasonal influenza virus infections cause significant global morbidity and mortality
annually. In addition, pandemics occur at irregular and unpredictable intervals and

can claim millions of lives. Current seasonal influenza virus vaccines induce narrow,
strain-specific immune responses and have variable effectiveness, ranging from low to
moderate (1), depending on how well they match circulating strains (2). Although,
effectiveness against influenza B viruses is generally higher than effectiveness
observed for influenza A virus strains (3). Antivirals can also be prescribed to limit influ-
enza symptoms and reduce viral spread. However, the threat of drug resistance
remains a constant concern. With the exception of baloxavir marboxil, all antiviral med-
ications currently used for influenza prevention and treatment are small molecule
neuraminidase (NA) inhibitors (NAIs). Although this near-monopoly validates the clini-
cal prophylactic and therapeutic effectiveness of agents that have NA inhibition (NI) ac-
tivity, it also leaves us extremely vulnerable if influenza viruses with drug resistance
begin to spread extensively among humans. As demonstrated by the amantadines, a
class of antivirals that specifically inhibits influenza A viruses by disrupting the function
of the M2 ion channel, this phenomenon can occur rapidly and render an entire class
of drugs obsolete from one influenza season to the next (4). Until the first global ap-
proval in 2018 of baloxavir marboxil, a first-in-class small molecule inhibitor of the
influenza virus cap-dependent endonuclease, an enzyme function of the polymerase
acidic (PA) subunit of the viral polymerase, NAIs were our sole option for influenza pro-
phylaxis and treatment for years, and NAI-resistant H1N1 strains began to surge in
prevalence shortly before they were completely replaced by 2009 pandemic H1N1
viruses (4, 5). The emergence of drug-resistant strains constitutes a looming threat that
can be ameliorated by using combination therapy rather than monotherapy and by
diversifying our antiviral arsenal.

Monoclonal antibodies (MAbs) as biopharmaceuticals are a rapidly emerging class
of drugs and have a robust pipeline due to increasing research and development in in-
numerable areas of biomedical science. The ongoing coronavirus disease 2019 (COVID-
19) pandemic caused by the severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) has resulted in rapid development, testing, and emergency use authorization of
antibody-based treatments, including convalescent plasma and MAbs (6). Advances in
MAb engineering and production technologies have made this surge in antibody-based
therapeutics possible. MAbs demonstrate significant promise in alleviating the burden of
influenza. The increasing portfolio of broadly protective MAbs that target various con-
served epitopes of influenza virus proteins combined with the substantial resources and
knowledge developed in other fields represent novel opportunities to discover urgently
needed breakthroughs. Using therapeutics that exert distinct pressures on the influenza vi-
rus will limit the available mechanisms of viral escape. Anti-NA MAbs have antiviral func-
tions that correlate with their ability to protect against influenza viruses. They play a major
role at the later stages of viral replication, specifically when the influenza virion buds off
from an infected cell (7). During the final stages of viral replication, the NA enzymatically
cleaves off sialic acid residues on the host cell surface, releasing virus progeny. It is at this
point that most of the anti-NA MAbs inhibit viral egress (8, 9). Since NA MAbs are mostly
effective during viral egress, virus titer is not generally affected in an in vitro plaque reduc-
tion assay (10–13). However, plaque diameter is significantly reduced in the presence of
anti-NA MAbs (11–13). Therefore, most of the MAbs against the NA are considered non-
neutralizing but prevent release and spread of virions from the host cell by inhibiting the
enzymatic activity of NA (14). Furthermore, some NA-specific MAbs also activate antibody
effector functions, such as antibody-dependent cellular cytotoxicity (ADCC), through the
engagement of their fragment crystallizable (Fc) regions with the Fc receptors of immune

Tan et al. Journal of Virology

January 2022 Volume 96 Issue 2 e01421-21 jvi.asm.org 2

https://jvi.asm.org


cells (15–18). These attributes indicate the untapped promise of anti-NA MAbs in the con-
trol of influenza virus infection.

We previously published the first characterization of broadly reactive MAbs that tar-
get the NA, describing murine MAbs that bound to influenza B virus NAs across more
than 70 years of antigenic evolution and conferred potent protection from lethal influ-
enza B virus challenge in mice (19). Subsequently, broadly protective anti-NA human
Abs have also been identified (15, 17, 19). Given the attractive therapeutic potential of
anti-NA antibodies in protecting against influenza virus infection and the previous
association of anti-NA immunity with reduced shedding (20–22), we sought to under-
stand the potential of therapeutic administration of anti-NA MAbs in preventing influ-
enza virus transmission. In this study, we evaluated the potential of three human
broadly reactive anti-NA MAbs in reducing airborne influenza virus transmission in the
guinea pig model of influenza virus transmission. The NA-1G01 MAb displays universal
reactivity against a diverse range of NAs, including NAs from influenza B viruses (17).
The 229-2C06 and 1000-3C05 MAbs have more limited binding profiles but cover N2
and N1 NAs, respectively (15, 28). We tested the impact of intranasal administration of
these MAbs in donors after infection with recent human isolates A/New York City/
PV02669/2019 (H1N1) and A/New York City/PV01148/2018 (H3N2) and in recipients after
exposure to donors infected with these viruses. We found that donor and recipient admin-
istration of a relevant anti-NA MAb reduces airborne transmission of these recent clinical
isolates in the guinea pig model. Our work promotes the further investigation of anti-NA
MAbs as potential therapeutics to control and limit influenza virus transmission.

RESULTS
Broad anti-NA MAbs inhibit NA activity of recent H1N1 and H3N2 isolates.

Human anti-NA MAbs that have broad binding and potent NI activity should be further
investigated for their therapeutic potential against recently circulating influenza virus

FIG 1 Anti-NA MAbs inhibit NA activity of recent clinical isolates. NI of A/New York/City/PV02669/2019 (H1N1)
(A), A/New York/City/PV02676/2019 (H1N1) (B), A/New York City/PV01148/2018 (H3N2) (C), and A/New York
City/PV00012/17 (H3N2) (D) by NA-1G01 (pan-NA), 1000-3C05 (anti-N1), and 229-2C06 (anti-N2) as measured in
NI assays.
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strains. The Personalized Virology Initiative, a component of the Pathogen Surveillance
Program at the Icahn School of Medicine at Mount Sinai, provided four recent human
influenza A virus isolates (A/New York City/PV02669/2019 (H1N1), A/New York City/
PV02676/2019 (H1N1), A/New York City/PV01148/2018 (H3N2, H3 HA clade 3c.2a.2),
and A/New York City/PV00012/2018 (H3N2, H3 HA clade 3c.2a.3)) for these studies. Of
note, the H3N2 virus isolates had an N-linked glycosylation site at position 245 which
has been shown to partially block antibody binding (22). To assess the potential applic-
ability of the broad anti-NA MAbs NA-1G01 (pan-NA), 229-2C06 (pan-N2), and 1000-
3C05 (pan-N1) in the context of viruses circulating recently in humans, we examined
their ability to inhibit NA activity of these viruses. As previous studies suggest (15, 17),
the NA-1G01 (pan-NA) and 1000-3C05 (anti-N1) MAbs retained the ability to inhibit the
N1 of the recent A/New York City/PV02669/2019 (H1N1) (Fig. 1A) and A/New York City/
PV02676/2019 (H1N1) (Fig. 1B) viruses. When testing NI of the N2-containing viruses A/
New York City/PV01148/2018 (H3N2) and A/New York City/PV00012/17 (H3N2), we
found that the NA-1G01 and 229-2C06 MAbs retained the ability to inhibit the activity
of recent N2 NAs (Fig. 1C and D). The NI results for the N2-containing viruses comple-
ment previous work addressing the binding/inhibition of recent antigenically distinct
H3N2 viruses by NA-1G01 (Stadlbauer et al., unpublished) (23).

Airborne transmission of recent H1N1 and H3N2 isolates occurs in the guinea
pig model. Our ultimate aim in these studies was to further define the therapeutic poten-
tial of anti-NA MAbs by assessing their ability to inhibit transmission of more recent influ-
enza virus strains. After determining that the selected anti-NA MAbs retained inhibition of
the recent clinical isolates (Fig. 1), we next wanted to assess the ability of these viruses to
transmit in the guinea model of influenza virus transmission, as transmission of more recent
influenza virus strains in this model has not yet been described. We elected to assess the
transmission of the A/New York City/PV02669/2019 (H1N1) and A/New York City/PV01148/
2018 (H3N2) viruses in the first instance as these viruses grew to higher titers in Madin-
Darby canine kidney (MDCK) cells, allowing the generation of viral stocks with higher quan-
tities of infectious material for animal infection studies. These viruses were tested without
prior adaptation in a guinea pig model of airborne influenza virus transmission where the
donor and recipients are housed in separate cages that do not allow physical contact but
provide lateral airflow between cages (24–26). Productive infection was observed in all do-
nor guinea pigs directly inoculated with 104 PFU of A/New York City/PV02669/2019 (H1N1)
virus (n = 4) (Fig. 2A) or 105 PFU of A/New York City/PV01148/2018 (H3N2) (Fig. 2B) virus
(n = 3) and resulted in subsequent transmission to all exposed recipients.

Administration of human anti-NA MAbs to infected donor guinea pigs reduces
airborne transmission to exposed recipients. After confirming the ability of human
anti-NA MAbs NA-1G01 (pan-NA), 229-2C06 (pan-N2), and 1000-3C05 (pan-N1) to

FIG 2 Recent H1N1 and H3N2 clinical isolates exhibit airborne transmission in the guinea pig model of
influenza virus transmission. Guinea pigs were intranasally infected with A/New York City/PV02669/2019 (H1N1)
(n = 4 transmission pairs) (A) or A/New York City/PV01148/2018 (H3N2) (n = 3 transmission pairs) (B) and
transmission from donor guinea pigs to recipient guinea pigs was determined by assessing virus titers in nasal
wash samples collected at days 2, 4, 6, 8, and 10 postinfection. Complete lines represent donors. Dashed lines
represent recipients.
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inhibit the NA activity of the recent clinical isolates (Fig. 1), and determining that
recent clinical isolates A/New York City/PV02669/2019 (H1N1) and A/New York City/
PV01148/2018 (H3N2) transmit in the guinea pig model of airborne influenza virus
transmission (Fig. 2), we next wanted to evaluate the therapeutic potential of these
MAbs in preventing influenza virus transmission. Here, donor guinea pigs were intrana-
sally inoculated with 104 PFU of A/New York City/PV02669/2019 (H1N1) virus or 105

PFU of A/New York City/PV01148/2018 (H3N2) virus. Donor guinea pigs were then
intranasally administered 10 mg/kg of MAb NA-1G01 (pan-NA), 1000-3C05 (anti-N1), or
229-2C06 (anti-N2) on days 1, 2, and 4 postinfection. Transmission pairs were set up 1
day postdonor infection with recipient guinea pigs housed in cages that precluded
physical contact between donor and recipient animals while allowing lateral airflow
from the donor cages to the recipient cages.

In donors infected with A/New York City/PV0266/2019 (H1N1), we found that MAb
administration of NA-1G01 (pan-NA) resulted in reduced virus titers in treated donors
when compared with administration of 1000-3C05 (anti-N1) or 229-2C06 (anti-N2) (Fig.
3A to C). When assessing transmission of A/New York City/PV02669/2019 (H1N1) from
infected donors to uninfected recipients, we found that donors administered N1-inhib-
iting MAbs transmitted virus at reduced rates to untreated recipients (Fig. 3A to C). In
donors infected with A/New York City/PV01148/2018 (H3N2), we found that MAb
administration of NA-1G01 (pan-NA) or 229-2C06 (anti-N2) resulted in reduced virus
titers in treated donors at day 4 or at days 2 and 4 postinfection, respectively, com-
pared with administration of 1000-3C05 (anti-N1) (Fig. 3D to F). When assessing trans-
mission of A/New York City/PV01148/2018 (H3N2) from infected donors to uninfected
recipients, we found that administration of N2-inhibiting MAbs to infected donors was
able to prevent transmission to untreated recipients (Fig. 3D to F). Our results demon-
strate that intranasal MAb administration to influenza virus-infected donor guinea pigs
prevented airborne transmission to untreated recipient guinea pigs.

FIG 3 MAb administration to influenza virus-infected donors reduces airborne influenza virus transmission to recipients. Donor guinea pigs were infected
with either 104 PFU of A/New York City/PV02669/2019 (H1N1) (n = 3 transmission pairs) (A–C) or 105 PFU of A/New York City/PV01148/2018 (H3N2) (n = 3
transmission pairs) (D-F). Transmission pairs were set up on day 1 postinfection such that donors and recipients could not make physical contact while air
flowed laterally from donor cages to recipient cages. On days 1, 2, and 4 postinfection, donor guinea pigs were intranasally administered NA-1G01 (pan-
NA) (A, D), 1000-3C05 (anti-N1) (B, E), or 229-2C06 (anti-N2) (C, F) MAb. Transmission from donor guinea pigs to recipient guinea pigs was determined by
assessing virus titers in nasal wash samples collected at days 2, 4, 6, 8, and 10 postinfection. Complete lines represent donors. Dashed lines represent
recipients.
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Administration of human anti-NA MAbs to exposed recipient guinea pigs
reduces airborne transmission from infected donors. After assessing the impact of
anti-NA MAbs on influenza virus transmission from MAb-treated donors to untreated
recipients (Fig. 3), we next wanted to determine if administration of MAbs to recipient
guinea pigs would prevent these animals from becoming infected with influenza virus
in an airborne transmission setting. Here we found that virus transmitted from A/New
York City/PV02669/2019 (H1N1)-infected donors to recipient guinea pigs that intrana-
sally received NA-1G01 (pan-NA), 1000-3C05 (anti-N1) or 229-2C06 (anti-N2) MAbs in 0/
3, 1/3, and 3/3 transmission pairs, respectively (Fig. 4A to C). In addition, we found that
virus transmitted from A/New York City/PV01148/2018 (H3N2)-infected donors to re-
cipient guinea pigs that intranasally received NA-1G01 (pan-NA), 1000-3C05 (anti-N1),
or 229-2C06 (anti-N2) MAbs in 1/3, 3/3, and 0/3 transmission pairs, respectively (Fig.
4D-F). Our results demonstrate that intranasal MAb administration to recipient guinea
pigs housed adjacent to influenza virus-infected donors limits airborne transmission.

DISCUSSION

In this study, we evaluated the impact of three broadly reactive anti-NA MAbs on
the airborne transmission of two recent influenza A virus isolates in the guinea pig
model of influenza virus transmission (27). We demonstrate for the first time that
administration of a relevant anti-NA MAb can reduce airborne transmission of influenza
viruses. In our guinea pig model of airborne transmission, we found that NI activity pre-
dicted the ability of an anti-NA MAb to prevent transmission between infected donors
and exposed recipients. Treatment of either donor or recipient with NA-1G01 reduced
transmission of both viruses tested, treatment with 229-2C06 reduced transmission of
the A/New York City/PV01148/2018 (H3N2) virus, and treatment with 1000-3C05
reduced transmission of the A/New York City/PV02669/2019 (H1N1) virus. Treatment
with an irrelevant MAb, 229-2C06 in the context of the A/New York City/PV02669/2019

FIG 4 Intranasal anti-NA MAb administration to recipient guinea pigs reduces airborne influenza virus transmission from infected donors. Donor guinea
pigs were infected with either 104 PFU of A/New York City/PV02669/2019 (H1N1) (n = 3 transmission pairs) (A–C) or 105 PFU of A/New York City/PV01148/
2018 (H3N2) (n = 3 transmission pairs) (D–F). Transmission pairs were set up on day 1 postinfection such that donors and recipients could not make
physical contact while air flowed laterally from donor cages to recipient cages. On days 2 and 4 after donor infection, recipient guinea pigs were
intranasally administered NA-1G01 (pan-NA) (A, D), 1000-3C05 (anti-N1) (B,E), or 229-2C06 (anti-N2) (C, F) MAb. Transmission from donor guinea pigs to
recipient guinea pigs was determined by assessing virus titers in nasal wash samples collected at days 2, 4, 6, 8, and 10 postinfection. Complete lines
represent donors. Dashed lines represent recipients.
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(H1N1) virus and 1000-3C05 in the context of the A/New York City/PV01148/2018
(H3N2) virus, allowed transmission between 100% of the pairs (3/3 for each virus),
while treatment with a relevant MAb reduced transmission events to 0/3 or 1/3.

This effect occurred with postinfection administration of anti-NA MAbs in donors,
even though treated animals continued to demonstrate comparable viral titers as
those seen in donors receiving an irrelevant MAb. Additional work needs to be con-
ducted to examine the mechanisms by which delayed anti-NA MAb delivery to
infected donors reduces airborne transmission even after the establishment of robust
infection as was observed in this study. Perhaps, intranasal MAb administration
decreases or otherwise impacts the egress of influenza virus particles and subsequent
airborne release by inhibiting NA activity (27). Many studies describe the effect of anti-
NA MAbs on plaque size (i.e., reducing the amount of virus that is able to infect adja-
cent cells) (18), however the translation of these observations into, e.g., reduction of in-
fectious virus per respiratory droplet have not been described. The similar decreases
observed in airborne transmission when treating recipient animals with relevant anti-
NA MAbs 24 h after exposure also warrant further investigation. According to our data,
at the time when recipients received the first MAb treatment, the infected donors had
already reached peak levels of viral shedding. As anti-NA antibodies are active in some
neutralization, NI assays and ADCC reporter assays, how the anti-NA MAbs provide pro-
tection from transmission in this context may provide useful insights that have implica-
tions on the use of current prophylactic agents, many of which function by inhibiting
NA activity, or reveal a unique and useful feature of anti-NA MAbs.

Influenza virus transmission in animals is commonly assessed in airborne or contact
settings. In airborne transmission studies, such as the ones described in this study, the
donor and recipients are housed in cages that do not allow physical contact but pro-
vide lateral airflow between paired animals. In contact transmission studies, the donor
and recipient animals are co-caged and allowed to directly interact with each other.
Unsurprisingly, enhanced influenza virus transmission is more frequently observed in
transmission studies conducted in contact settings (24). Whether postinfection anti-NA
MAb treatment of donors or postexposure anti-MAb treatment of recipients is suffi-
cient in reducing influenza virus transmission between co-caged animals requires fur-
ther investigation.

Our study assessed the administration of anti-NA MAbs in a therapeutic setting
when MAbs were given at multiple time points postinfection to donor or recipient
guinea pigs. The administration of MAbs over multiple time points may be too costly
for appreciating their full potential as therapeutic agents. As such, the therapeutic de-
velopment of anti-NA MAbs in the prevention of influenza virus transmission experi-
ments could be strengthened by assessing different dosing regimens. In our current
study, we administered MAb at 10 mg/kg at days 1, 2, 4, and 6 postchallenge in the
donors (and days 2, 4, and 6 in the recipients). Using this concentration and number of
time points could prove a costly affair for the further development of anti-NA MAbs as
therapeutics. Different dosing regimens could examine the minimal dose required to
prevent transmission. A single administration of MAb at a certain time point (e.g., day
2) may also sufficient to prevent transmission from a MAb administered donor to a re-
cipient guinea pig, or to a MAb administered recipient guinea pig. In addition, prophy-
lactic administration of MAbs where MAbs are given prior to infection of donor guinea
pigs or prior to recipient guinea pig exposure to infected donors could be studied.
Evaluating this would allow us to determine if a single dose could prevent recipient
guinea pigs from becoming infected from donor guinea pigs. Although we did not
address these points in our current study, assessing these could help further promote the
development of therapeutic MAbs that prevent influenza virus transmission.

Anti-NA MAbs that can inhibit the NA activity of circulating viruses might be lever-
aged in reducing airborne transmission of influenza viruses both by treating infected
individuals even at the peak of viral shedding and by treating individuals as a pre- or
postexposure prophylaxis. For example, the use of nasal sprays to administer MAbs at

NA-MAb Inhibition of Influenza Virus Transmission Journal of Virology

January 2022 Volume 96 Issue 2 e01421-21 jvi.asm.org 7

https://jvi.asm.org


the beginning of and during the influenza season could protect individuals from influ-
enza virus infection, particularly if they are unable to be vaccinated or in the case of
vaccine-mismatch. Our results also strengthen the case for using NA as a vaccine target
that may induce broad protection and reduce viral transmission. With the constant
threat that drug-resistant strains may begin to circulate widely, diversifying the reper-
toire of agents that can be used for the prevention of influenza has obvious benefits.

MATERIALS ANDMETHODS
Cells. MDCK cells were grown and maintained at 37°C in 5% CO2 in complete Dulbecco’s modified

Eagle’s medium, comprising Dulbecco’s modified Eagle’s medium (Gibco, Cat #11965) supplemented
with penicillin-streptomycin (100 U/ml penicillin, 100mg/ml streptomycin) (Gibco, Cat #15140), 10% fetal
bovine serum (FBS) (Gibco, Cat #10082147), and 0.01M 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES) buffer (Gibco, Cat #15630). Expi293F cells (Gibco, Cat #A14527) were grown and maintained
in Expi293 Expression Medium (Gibco Cat #A1435101) in a shaking incubator (37°C, 8% CO2, 125 RPM).

Viruses. Nasopharyngeal swabs from patients with influenza virus infections seeking care at the
Mount Sinai Health System were collected by the Mount Sinai Pathogen Surveillance Program (IRB
HS#13-00981). Whole viral genome sequencing was performed as part of the Centers of Excellence for
Influenza Virus Research and Surveillance.

Selected clinical isolates A/New York City/PV02669/2019 (H1N1pdm09), A/New York City/PV02676/
2019 (H1N1pdm09), A/New York City/PV01148/2018 (H3N2) (H3 HA clade 3c.2a.2), and A/New York City/
PV00012/2017 (H3N2) (H3 HA clade 3c.2a.3) were grown in MDCK cells. The H3N2 virus isolates had an
N-linked glycosylation at position 245 which has been shown to partially block antibody binding (22).
Briefly, MDCK cells were infected with virus at a multiplicity of infection (MOI) of 0.01 in 1� minimum
essential medium (MEM) comprising 10% 10� MEM (Gibco, Cat #11430030), 2 mM L-glutamine (Gibco,
Cat #25030), 0.1% wt/vol sodium bicarbonate (Corning, Cat #25-035-Cl), 0.01 M HEPES buffer, penicillin-
streptomycin (100 U/ml penicillin, 100 mg/ml streptomycin), and 0.2% bovine serum albumin (BSA) (MP
Biomedical, Cat #ICN810063); 1 mg/ml tolylsulfonyl phenylalanyl chloromethyl ketone (TPCK)-treated
trypsin (Sigma-Aldrich, Cat #T6763); and 0.1% (wt/vol) diethylaminoethanol (DEAE)-dextran (MP
Biomedicals, Cat #195133). Infected cells were incubated at 33°C with 5% CO2 for 72 h. After 72 h, the su-
pernatant was collected, clarified by centrifugation, aliquoted, and stored at 280°C prior to determining
stock titers via plaque assay as described below.

MAb production. MAbs were produced by co-expressing heavy and light chain plasmids in
Expi293F cells using the ExpiFectamineTM 293 Transfection Kit (Gibco, Cat #A14525) as per the manufac-
turer’s instructions. Supernatant was harvested 7 days after transfection, centrifuged at 4,000 � g at 4°C
for 30 min, and filtered. Supernatant was then applied to a HiTrap Protein G HP column (Cytiva, Cat #17-
0405-03) using an ÄKTA purification system for antibody purification.

Airborne transmission experiments. Five- to 6-week-old female guinea pigs were purchased from
Charles River Laboratory. Three transmission pairs (one donor and one recipient) were used for each
MAb administration and virus challenge. Donor guinea pigs were randomly selected and anesthetized
with ketamine (30 mg/kg) (KetaVed) and xylazine (5 mg/kg) (AnaSed Injection, Cat #NDC 59399-110-20)
before being infected with 104 PFU of A/New York City/PV02669/2019 (H1N1) or 105 PFU of A/New York
City/PV01148/2018 (H3N2) delivered intranasally in 300 ml sterile phosphate-buffered saline (PBS)
(Gibco, Cat #10010) before being transferred into a climate-controlled transmission chamber (20°C, 20%
relative humidity). Transmission pairs were set up the following day with recipient guinea pigs housed
in cages that precluded physical contact between donor and recipient animals while allowing lateral air-
flow from the donor cages to the recipient cages to occur. On days 2, 4, 6, 8, and 10 postdonor infection,
all guinea pigs were anesthetized with ketamine (30 mg/kg) and xylazine (5 mg/kg) and nasal washed
with 1 ml sterile PBS. All guinea pigs were anesthetized with ketamine (44 mg/kg) and xylazine (5 mg/
kg) and terminally bled 14–18 days postdonor infection.

The antibodies NA-1G01 (pan-NA) (16), 229-2C06 (anti-N2) (14), or 1000-3C05 (anti-N1) (14) were
delivered intranasally to anesthetized animals at 10 mg/kg in 350 ml sterile PBS. To test antibody admin-
istration in donor guinea pigs, the infected donor guinea pigs received antibody on days 1, 2, and 4 after
infection and were paired with untreated recipients. To test antibody administration in recipient guinea
pigs, the recipient guinea pigs were given antibody on days 2 and 4 after the donor animals were
infected (days 1 and 3 after exposure to the donor animal); in these experiments, donor guinea pigs did
not receive MAbs.

All animal procedures were performed in accordance with the Icahn School of Medicine at Mount
Sinai Institutional Animal Care and Use Committee.

Plaque assays. Virus titers were measured by performing plaque assays on MDCK cells seeded at
4 � 105 cells/ml in 12-well plates (Corning, Cat #3513). The plates were incubated overnight at 37°C with
5% CO2. The following day, nasal wash samples diluted serially by a factor of 10 were added to MDCK
monolayers and incubated at 33°C for 1 h with shaking every 15 min before the inoculum in each well
was replaced with an overlay containing 0.64% agar (Oxoid, Cat # LP0028); 1xMEM; 1 mg/ml TPCK-
treated trypsin; and 0.1% (wt/vol) DEAE-dextran. The cells were then incubated for 72 h at 33°C with 5%
CO2. Plaques were visualized by immunostaining with guinea pig polyclonal sera raised against either A/
New York City/PV02669/2019 (H1N1) or A/New York City/PV01148/2018 (H3N2). The limit of detection
for these plaque assays was 50 PFU/ml.
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NA and NI assay. To determine NA activity, samples were tested on flat-bottom Immunolon 4BX 96-
well plates (ThermoScientific, Cat #3855) coated overnight at 4°C with 100 ml of fetuin (EMD Millipore,
Cat #341506) at 25 mg/ml in PBS. Fetuin-coated plates were then washed 3x with PBS containing 0.1%
Tween 20 (PBS-T) (Fisher, Cat #BP337). On a separate plate, viruses were serially diluted 2-fold in sample
diluent (PBS supplemented with 0.9 mM CaCl2 (Sigma-Aldrich, Cat #C8106) and 0.5 mM MgCl2 (Sigma-
Aldrich, Cat #M8266) supplemented with 1% BSA and 0.5% Tween 20 (Fisher Scientific)) and 100 ml of
diluted virus samples were added to the washed fetuin-coated plates. The fetuin-coated plates were
then incubated for 16–18 h at 37°C. Plates were washed 3� with PBS-T and 100 ml/well of horseradish
peroxidase (HRP)-conjugated peanut agglutinin (PNA) (Sigma-Aldrich, Cat #L7759) in PBS were added to
the plates. The plates were incubated for 2 h at room temperature before being washed 4� with PBS-T
with shaking. To develop the plates, 100 ml of O-phenylenediamine dihydrochloride (OPD) substrate
(Sigma-Aldrich, Cat #P9187) was added to each well. After a 10-minute incubation, the reaction was
stopped by adding 50 ml of 3 M hydrochloric acid (Fisher Scientific, Cat #S25856) to each well. The opti-
cal density at 490 nm (OD490) was measured on a Synergy 4 plate reader (BioTek). The half maximal
effective concentration (EC50) was determined using GraphPad Prism 8.

To measure NI, antibodies were serially diluted in sample diluent with a starting concentration of
30 mg/ml and incubated for 18 h at 37°C with an equal volume (50 ml) of the respective virus dilution in
the fetuin-coated plates. The remainder of the assay was performed as described above. One column on
the plate contained sample diluent without antibody and served as a positive (virus-only) control.
Another column contained sample diluent only (no virus) and served as a negative (background) control.
Data were analyzed in GraphPad Prism 8.
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